Abstract. Powdered solids often present very specific properties due to their granular nature. Such powders are often obtained by mixing two ingredients in variable proportions: conductor and insulator, or conductor and super-conductor. In a very natural way, these systems are modeled by regular lattices, whose sites or bonds are randomly chosen with given probabilities. It is known that the electrical and optical properties of random bi-dimensional (2D) networks are well described by their conductance's poles (resonances) and residues (amplitudes). The numerical implementation of a spectral method gave the spectral density, the AC conductivity, the multi-fractal properties of the moments for the local electric field (or currents), and spectrum of resonances characteristic of some small clusters (animals). This work extends the spectral method to the three-dimensional (3D) case where the problem is more complicated because the duality property and the corresponding symmetries are broken. As in the 2D-case, the two significant parameters are the ratio h = σ1/σ0 of the complex conductances σ0 and σ1 of both phases, and the probability p (resp. 1 − p) of σ0 (resp. σ1). All the resonances lie on the negative real h-axis, i.e. for pure non resistive networks in the AC case. For a static (DC) system, only the value h = 0 (corresponding to a binary system with σ0 finite and σ1 = 0, or σ0 = ∞ and σ1 finite) can give a resonance. Some applications are proposed, in particular the ability for small clusters (animals with one, two or three bonds) to present a singular response for well identified frequencies of the incident electromagnetic field.
Introduction
The three-dimensional materials constituted by binary powders are intensively used in modern electrical or optical devices where the large interfaces between the grains of the composite play a fundamental role. The interfaces are often the geometrical zones of interest and their percolation through a sample are primordial for the physical properties of a system. These heterogeneous media can be dispersed as a thin layer upon a substrate (superconducting layer, applications to furtivity, active skins as antenna) or they can occupy a three-dimensional (3D) volume. As related physical effects we could quote, for instance, the increase of conductivity of granular ionic conductors in which an insulating powder is dispersed between the grains [1], the behavior of wet brushite composites [2] , and enhanced Raman scattering [3] .
Percolation models are well adapted: the disordered systems, where an electromagnetic wave propagates are often modeled by random networks where each bond represents a grain or a grain boundary. a e-mail: raymond@lrc.univ-mrs.fr
Here we only consider simple square (2D) or cubic (3D) lattices, but the method is straightforwardly applicable to any simply connected network, regardless of its dimensionality.
The notations of this paper are those of [4, 5] and we recall them shortly. The bond occupation is obtained according to the following binary law: conductance σ 0 and concentration p for one kind of bond, σ 1 and 1 − p respectively for the other kind. The dimensionless complex ratio h = σ 1 /σ 0 of the two conductances is de facto the essential parameter along with the concentration p. We will use the equivalent complex variable
In the static (DC) case, the limit h = 0 (λ = 1) corresponds to the two possibilities: the two species are respectively conductor and insulator (σ 1 = 0), or conductor and super conductor (σ 0 = ∞). We are confronted with a classical percolation problem. In the 2D case, the square lattice is self-dual, and quantities such as the percolation threshold can be easily deduced from this property. But the system is somewhat 562 The European Physical Journal B Table 1 . The resonance position and the corresponding residues are presented for some configurations (animals) consisting of one or two bonds: only one animal is put in different positions in a cubic lattice 8 × 8 × 8. With the boundary conditions, only the current direction is relevant. The name in points out a bond alone between the rows n and n + 1 (n = 0 is the top electrode at potential V0). In represents two bonds in the same direction, between the rows n and n + 2. pathological: the threshold p c coincides with a symmetry point p = 0.5 where the two species of the binary compound are equally represented. In 3D, the self-duality property is lost, and even the notion of duality is not easy to define because the dual of a bond lattice is not a bond lattice. Nevertheless, independently of self-duality, a symmetry around p = 1/2 value always holds for binary systems, regardless of the geometry of the network. Namely, swapping the two impedances and changing p in 1 − p always leaves a binary system unchanged.
For a cubic lattice the percolation threshold for σ 0 links is given by p c = 0.2488126 [6] . The percolation thresholds are obtained for the two species (σ 0 and σ 1 ) at respectively p c and 1 − p c . At the symmetry point (p = 1/2), σ 0 and σ 1 sub-lattices both percolate and the system is far from transition points.
In the vicinity of the critical points, i.e. for |h| 1 and |p − p c | 1, the sample conductivity obeys a scaling law. It is well-known that the conductivity is given by the second order moment of the intensity (x,y) I 2 xy where I xy is the current flowing from the node x to the node y. We will verify that, as in the 2-D case [7] , the different moments of the intensity obey a multi-fractal scaling law. The impedance of the random networks can also be evaluated for frequency dependent systems with complex conductivities affected to the bonds of the regular lattice.
We have to solve the Kirchhoff equation at the different nodes x of the network: where V x correspond to the potential on the node x and I x,y is the current from x to y along the link of conductance σ x,y . If a current I flows through the sample between two planar electrodes, one at a potential V 0 and the other one grounded, the conductance of the network reads Y = I/V 0 . For a finite system, the conductance of the network takes the form Y = N (λ)/D(λ) where N and D are polynomials whose degrees are roughly equal to the number of bonds of the network. The poles and the zeros of the conductance alternate on the negative real axis of the complex parameter h, or equivalently in the interval [0, 1] of the real axis in the λ plane [8] . The poles for the conductance, named resonances, are obtained for frequencies corresponding to λ = λ a values. They can be physically interpreted as a vanishing V 0 for non-vanishing I.
For a given network, a very complicated spectrum of resonances, characteristic of the geometry of the sample, is obtained by solving numerically a generalized eigenvalue problem equivalent to the Kirchhoff equations. This approach, first proposed by Straley [9] , allows the calculation of the conductivities, corresponding to different values of h. The determination of the poles of the conductance and the corresponding residue is required. One must average a large number of samples in order to obtain information intrinsic to the composition p. One can also consider a small given cluster ("animal"), of say some connected conducting bonds, in a sea of insulating bonds [5] . It is easy to obtain the resonant set for this animal (see Tab. 1). Its contribution can then be identified in the overall spectrum of a macroscopic binary heterogeneous system. In applications, a pattern could be chosen in order to obtain a selective absorption or reflectivity for a given frequency bandwidth with applications for instance in the construction of planar antennas.
The paper is organized as follows. In Section 2, we present our notations and the numerical algorithm. In
